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with Mutations in a DNA Replication
Accessory Factor in Drosophila
Aron B. Jaffe*,† and Thomas A. Jongens†,1
*Cell and Molecular Biology Graduate Group and †Department of Genetics, University
of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104
We have phenotypically and molecularly analyzed the cutlet locus in Drosophila. Homozygous cutlet flies exhibit abnormal
development of a subset of adult tissues, including the eye, wing, and ovary. We show that abnormal development of these
tissues is due to a defect in normal cell growth. Surprisingly, cell growth is affected in all developing precursor tissues in
cutlet mutant animals, including those that give rise to phenotypically wild-type adult structures. The cutlet gene encodes
a Drosophila homologue of yeast CHL12 and has similarity to mammalian replication factor C. In addition, cutlet
genetically interacts with multiple subunits of Drosophila replication factor C. Our results suggest that the cutlet gene
product acts as an accessory factor for DNA replication and has different requirements for the formation of various adult
structures during Drosophila development. © 2001 Academic Press
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The development of the different tissues of an organism
requires precise control of cell proliferation and death
(Conlon and Raff, 1999; Raff, 1996). The regulation of these
processes must occur differently in developing tissues,
since ultimately the resulting adult structures are different
sizes (Day and Lawrence, 2000; Neufeld and Edgar, 1998).
Although much is known about the signals that regulate
cell proliferation, how proliferation and development are
coordinated is less well understood.
In Drosophila, adult structures are derived from imaginal
discs, specialized clusters of cells which are set apart late in
embryogenesis and proliferate extensively during larval and
pupal stages of development. Studies of the growth of these
disc primordia have revealed differences in the proliferation
rates among the different imaginal discs, as well as within
subcompartments of the same disc (Garcia-Bellido and
Merriam, 1971; Madhavan and Schneiderman, 1977), re-
flecting differences in the growth control of these different
tissues. Proliferation of imaginal disc cells proceeds
through a mitotic cell cycle, in which the genome is
1 To whom correspondence should be addressed. E-mail:
jongens@mail.med.upenn.edu.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.eplicated once during S phase and a copy is inherited by
ach daughter cell during M phase. Much of the regulation
f proliferation rates occurs during the two gap phases, G1
nd G2, to control entry into S phase and M phase, respec-
ively (Edgar and Lehner, 1996; Zavitz and Zipursky, 1997),
lthough it is clear that regulation occurs during all phases
f the cell cycle (Tye, 1999).
In vivo studies in higher eukaryotes have provided valuable
nformation regarding the regulation of entry into S phase
Edgar and Lehner, 1996; Nasmyth, 1996; Sherr, 1996); how-
ver, much of what is known about the mechanics of DNA
eplication comes from in vitro studies of the replication of
imian virus 40 (SV40) (Bambara et al., 1997; Stillman, 1994).
eplication factor C (RFC) is a multiprotein complex that is
equired for SV40 DNA replication. After DNA polymerase a
generates a primer used for initiation of leading- and lagging-
strand synthesis (Nethanel et al., 1988; Tsurimoto et al., 1990;
Waga and Stillman, 1994), RFC binds the primer–template
junction, displacing pola, and loads proliferating cell nuclear
antigen (PCNA) onto the DNA in an ATP-dependent manner
(Lee et al., 1991; Tsurimoto et al., 1990; Tsurimoto and
Stillman, 1989a). Finally, DNA polymerase d is recruited to
his complex by interacting with PCNA, which serves as a
liding clamp to increase the processivity of pold (Krishna etal., 1994).
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162 Jaffe and JongensHuman RFC consists of five subunits which migrate at
140, 40, 38, 37, and 36 kDa in SDS–PAGE (Tsurimoto and
Stillman, 1989b). The homologue of each subunit has been
identified in yeast, indicating that this multiprotein com-
plex is evolutionarily conserved (Cullmann et al., 1995).
equence analysis revealed several regions with high de-
rees of amino acid similarity among the five subunits
Bunz et al., 1993; Chen et al., 1992a,b; O’Donnell et al.,
993). These domains, RFC boxes I–VIII, appear to be
nvolved in distinct biochemical processes (Cullmann et
l., 1995; Mossi and Hubscher, 1998). Analyses in Saccha-
omyces cerevisiae revealed an essential role for each of the
ve RFC subunits (Cullmann et al., 1995; Li and Burgers,
994a,b; Noskov et al., 1994). In addition, the yeast genome
ontains another gene, CHL12/CTF18, that encodes a pro-
ein with a high degree of similarity to the RFC subunits
Cullmann et al., 1995; Kouprina et al., 1994; Spencer et al.,
990). However, CHL12/CTF18 has not been isolated bio-
hemically in association with the RFC subunits, and null
lleles of CHL12/CTF18 are viable at permissive tempera-
ures (Kouprina et al., 1994). Whether CHL12/CTF18 plays
role in DNA replication in yeast remains unclear, and
HL12/CTF18 homologues in other organisms have not
een reported.
Although studies in vitro and in S. cerevisiae have
rovided an enormous amount of information about the
iochemical mechanisms of DNA replication, how this
rocess is coordinated with development is less well under-
tood. Drosophila melanogaster provides a means to study
he requirement of various components of the replication
achinery in the context of a multicellular organism ame-
able to molecular, biochemical, and genetic analyses.
omologues of two RFC subunits, RFC140 and RFC40,
ave been identified in the fly (Harrison et al., 1995; Mossi
t al., 1997), and mutants in the 40-kDa subunit have been
eported (Harrison et al., 1995). Interestingly, clones of cells
acking RFC40 can be generated in an otherwise wild-type
y, although they grow more slowly than neighboring
ild-type cells. This result suggests that there is some level
f functional redundancy among the RFC subunits in the
y.
Here, we present a phenotypic and molecular analysis of
he Drosophila cutlet locus, which encodes a homologue of
HL12/CTF18 from S. cerevisiae and contains a region
ith homology to all five mammalian RFC subunits. In
ddition, cutlet genetically interacts with multiple sub-
nits of Drosophila replication factor C. Flies homozygous
or mutations in cutlet have altered cellular proliferation
nd increased cell death, which lead to defects in cell
rowth in the developing disc primordia. Although cell
rowth is impaired in all of the developing imaginal discs,
here is a developmental requirement for cutlet only in a
ubset of adult structures. Interestingly, the phenotypic
enetrance in each adult tissue correlates with the relative
roliferation rate, leading us to propose a model by which
apidly proliferating tissues are more sensitive to levels of
utlet activity during Drosophila development. c
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Drosophila Strains
cutleti1, cutleti10, cutleti14 (de Belle et al., 1993), l(3)rfc40A18, and
l(3)rfc40B6 (Harrison et al., 1995) have been described. A multiply-
arked second chromosome, S Sp Bl Lrm bwD, obtained from M.
ortini, and various deficiency stocks obtained from the Blooming-
on Stock Center were used to map the mutation in cutletJ1. Other
fly stocks used for generating clones and for genetic interaction
studies were obtained from the Bloomington Stock Center.
Phenotypic Analysis of Adult Tissues
Ovaries were dissected from adult females and stained with the
DNA-binding dye Hoechst 33342 to visualize germ-line and so-
matic cell nuclei. Adult wings were removed from either wild-type
or cutlet mutant animals and mounted in DPX mounting medium
Electron Microscopy Sciences). Scanning electron microscopy
SEM) and plastic sectioning of adult eyes were performed as
reviously described (Carthew and Rubin, 1990; Tomlinson and
eady, 1987), using hexamethyldisilazane for critical-point drying
ollowing the ethanol series when preparing flies for SEM.
Imaginal Disc Analysis
Due to the female sterile phenotype associated with cutlet
mutants, mutant imaginal disc analysis was performed using larvae
or pupae resulting from crosses between the various alleles bal-
anced with a SM5a::TM6B chromosome. This second-chromosome
balancer contains the dominant Tb mutation that can easily be
identified during larval and pupal development. Non-Tb larvae and
pupae, representing homozygous mutant animals, were used for
mutant analysis. BrdU labeling and TUNEL analysis of eye imagi-
nal discs were performed as previously described (Truman and Bate,
1988; Ye and Fortini, 1999). Immunostaining of larval imaginal
discs and cobalt sulfide staining of pupal imaginal discs were
performed as previously described (Cagan and Ready, 1989b; Gaul
et al., 1992). For double-labeling with Hoechst, discs were incu-
bated in 50 mg/ml Hoechst 33342 during the penultimate wash.
Isolation of the cutlet Transcript
Genomic DNA flanking the P{PZ} element in cutletP1 was
solated by plasmid rescue (Pirotta, 1986) and used to probe a
ambda ZAP ovarian cDNA library according to the Stratagene
rotocol (Stratagene). To obtain the 59 end of the cutlet cDNA
e performed two rounds of 59 RACE using the 59 RACE System
Life Technologies) with the following gene-specific primers
GSPs): Round 1, GSP1, 59-GCGAGATTTGCGTTGCCGCCA-
9, GSP2, 59-GTTGCCGCCAGCCGCCATTG-39; Round 2,
SP1, 59-CACTTCCTGCAGCTGATTAG-39, GSP2, 59-CCT-
TACCAGGCCAAAGGAG-39, GSP3, 59-GCATTCGCTGAAA-
GGTGTC-39. Homology searches of DNA and protein data-
ases were performed using the BLAST program (Altschul et al.,
990). Amino acid alignments were performed using MacVector
.0 sequence analysis software.
Sequencing cutlet Alleles
Genomic DNA isolated from flies homozygous for cutletP1,
utleti1, and cutletJ1 was used to amplify the cutlet locus using
s of reproduction in any form reserved.
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163cutlet Encodes a DNA Replication Accessory Factorgene-specific primers. To identify mutations in cutleti10 and cut-
eti14, we isolated genomic DNA from animals in which the cutlet
hromosome was in trans to Df(2L)ed1 for PCR amplification of
he cutlet locus. Mutations were confirmed by sequencing three
ndependent amplified loci.
Plasmids and Constructs
The genomic fragment isolated by plasmid rescue (see above)
was used to probe a lgt11 genomic library according to the
Stratagene protocol (Stratagene). Overlapping genomic clones were
used to construct a restriction map and a 14-kb rescue fragment
that was cloned into the EcoRI and BamHI sites of pCaSpeR4
(rescue fragment A). A similar fragment lacking part of the cutlet
coding region was constructed by removing a 3-kb SacII fragment
from rescue fragment A. For expression analysis, a myc tag was
inserted after the first methionine of the cutlet coding region in
rescue fragment A by overlapping PCR. These three constructs
were used to generate transformant flies as previously described
(Rubin and Spradling, 1982).
Clonal Analysis and Relative Growth-Rate
Measurements
Mitotic clones were generated using the FLP-FRT method (Xu
and Rubin, 1993). Approximately 50 larvae from 2-h egg collections
were transferred upon hatching to vials and raised at 25°C. Larvae
were heat shocked for 1 h at 38°C at 48 h after egg laying (AEL) and
dissected at 120 h AEL. Imaginal disc tissue was fixed and pro-
cessed to detect the p myc marker, which is present on the FRT
chromosome with a wild-type cutlet locus, using immunostaining
techniques as previously described (Gaul et al., 1992). Clones of
cells homozygous for mutations in cutlet will be myc 2/2 and
unstained, whereas clones of cells which are homozygous for the
wild-type cutlet locus will have two copies of the chromosome
marked with myc and will stain twice as intensely as cells
trans-heterozygous for the cutlet mutation and the myc-tagged
chromosome. Images of discs were captured with a Leica DMRE
confocal microscope and clone size was determined using the
histogram function of Adobe PhotoShop.
RESULTS
cutlet Is Required for the Proper Development
of Several Adult Structures
We isolated a single allele of a female-sterile mutation
and mapped it to the interval 24A3–4;24C3–5 using a
second chromosome bearing several dominant markers and
based upon its ability to complement the deficiency
Df(2L)ed-dp, but not the deficiency Df(2L)ed1. Comple-
mentation analysis using mutants previously identified in
this region indicated that we had identified a new allele of
cutlet, which we named cutletJ1. In addition, we identified
recessive lethal P-element insertion line, l(2)rJ865 (Gaul
t al., 1992), which contains a putatively lethal P-element
nsertion at 33E7–8 and a second P-element insertion that
s allelic to cutlet. We recombined away the lethalityassociated with this chromosome, leaving the P-element
Copyright © 2001 by Academic Press. All rightinsertion at 24B1–2 that fails to complement existing cutlet
alleles and named this allele cutletP1.
Analysis of adult animals revealed several phenotypes
ssociated with cutlet mutants. Homozygous cutlet fe-
ales contained ovaries that rarely formed egg chambers.
hen a rare egg chamber formed it often had less than the
ormal complement of 15 nurse cells and 1 oocyte (Figs. 1A
nd 1B). Wings from cutlet mutant animals frequently had
egions missing from the posterior wing margin (Figs. 1C
nd 1D) as well as the anterior/posterior border (data not
hown). Adult eyes of cutlet mutants had irregularly shaped
acets and inappropriately positioned bristles (Figs. 1E and
F). In addition to the defects seen in the eye, wing, and
vary, cutlet mutant animals were often missing one or
ore ocellar bristles and had a partially penetrant male-
terile phenotype (data not shown).
To quantitate the penetrance of the different phenotypes,
e examined five cutlet alleles in trans to Df(2L)ed1, which
ncovers the cutlet locus. The eye defect was the most
enetrant phenotype for all alleles tested, followed by
emale sterility and the wing margin defect (Table 1). In
ddition, many adult structures were apparently unaffected
n all of the cutlet alleles examined (data not shown). The
ifferential penetrance of the cutlet phenotypes indicates
hat distinct levels of cutlet activity are required in differ-
nt tissues during development.
Cell Proliferation Is Affected in cutlet
Mutant Animals
To analyze further the developmental defects in cutlet
mutant animals, we chose to characterize the eye pheno-
type because of the highly regular structure and well-
characterized developmental origins of this adult structure
(Cagan and Ready, 1989a; Ready et al., 1976; Tomlinson
and Ready, 1987). Plastic sectioning of cutlet adult eyes
revealed numerous ommatidial clusters with less than the
normal number of photoreceptor cells (Figs. 2A and 2B). The
positions of the missing cells suggested that they corre-
sponded to presumptive photoreceptors R1, R6, and R7.
Immunostaining of eye imaginal discs from third-instar
larvae with an antibody to the homeodomain protein Bar,
which is expressed in photoreceptors R1 and R6 (Higashi-
jima et al., 1992), confirmed that R1 and R6 precursor cells
were often absent in developing cutlet eye imaginal discs
(Figs. 2C and 2D).
Since photoreceptors R1, R6, and R7 are the last three
photoreceptor neurons to differentiate in the developing
ommatidial cluster and are primarily generated by the
second mitotic wave (Wolff and Ready, 1991), we examined
whether other cells generated by the second mitotic wave
are also affected in developing cutlet eyes. Cobalt sulfide
staining of pupal eye discs revealed that some of the
ommatidial clusters contained fewer than the normal four
cone cells (Figs. 2E and 2F), which are normally generated
by the second mitotic wave (Wolff and Ready, 1991). Our
analysis indicates that multiple cell types normally gener-
s of reproduction in any form reserved.
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164 Jaffe and Jongensated by the second mitotic wave are underrepresented in
cutlet eyes.
To investigate the pattern of cellular proliferation in
FIG. 1. Several adult tissues develop abnormally in cutlet mutant
B) germarium and the anterior region of the vitellarium. Oogenesis
n (B)). Mutant egg chambers contain fewer than the normal 16 ger
ild-type (C) and cutlet (D) mutant animals. The wings of cutlet a
nd from the margin regions at the anterior–posterior border (not sh
F) compound eyes. Mutant eyes have facets that are misshapen (Fcutlet eye imaginal discs, we examined 5-bromo-29- t
Copyright © 2001 by Academic Press. All righteoxyuridine (BrdU) incorporation as a marker for cells
ndergoing DNA replication. Eye imaginal discs from cut-
et mutants consistently displayed a mildly abnormal pat-
als. (A and B) Hoechst staining nuclei in a wild-type (A) and cutlet
cked at the germarial stages in the majority of cutlet ovaries (inset
e cells (the egg chamber in (B) has 8). (C and D) Adult wings from
ls often have regions missing from the posterior wing margin (D)
. (E and F) Scanning electron micrographs of wild-type (E) and cutlet
occasionally fused.anim
is blo
m-lin
nima
own)ern of BrdU-incorporating cells compared with wild-type
s of reproduction in any form reserved.
165cutlet Encodes a DNA Replication Accessory FactorFIG. 2. Cells generated by the second mitotic wave are affected in cutlet mutant eyes. (A and B) Tangential plastic sections (1 mm) through the
apical retina of cutletJ1 (A) and cutletP1 (B). Photoreceptor cell identities of a phenotypically wild-type cluster are labeled in (B). Several ommatidial
clusters are missing at least one of the outer photoreceptors and R7 (arrows). (C and D) Eye imaginal discs from wild-type (C) and cutlet (D)
third-instar larvae stained for the homeodomain protein Bar to identify photoreceptors R1 and R6 precursors. Discs from cutlet mutant animals
have some clusters missing either photoreceptor R1 or R6 precursor cells (brackets). (E and F) Cobalt sulfide staining of pupal eye imaginal discs
from wild-type (E) or cutlet (F) animals. Mutant discs have clusters with fewer than the normal four cone cells (arrows).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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166 Jaffe and Jongensdiscs (Figs. 3A and 3B). This is particularly apparent in the
second mitotic wave (Fig. 3B, arrowhead), which is nor-
mally a smooth stripe but is disrupted in cutlet mutant
discs. To verify that the pattern of cellular proliferation is
abnormal in cutlet mutant eye imaginal discs, we examined
the pattern of mitotic cells using an antibody that recog-
nizes the M-phase-specific, phosphorylated form of histone
H3 (Wei et al., 1998). Normally, mitosis occurs within two
ones in the eye imaginal disc (labeled 1 and 2 in Fig. 3C).
hese mitotic zones are disrupted in cutlet mutant eye
maginal discs, expanding both zones and obscuring the
oundaries between the two (labeled 1 and 2 in Fig. 3D),
onfirming that cutlet is required for the normal pattern of
ellular proliferation during eye development.
In addition to the aberrant pattern of cellular prolifera-
ion, we wished to determine whether precocious cell death
ontributes to the phenotypes seen in cutlet mutants.
UNEL analysis of eye imaginal discs revealed a dramatic
ncrease in cell death in cutlet mutants compared with
wild-type (Fig. 4). Our data suggest that cutlet mutant eye
rimordia fail to generate and maintain a pool of uncom-
itted precursor cells sufficient to account for all of the
ells present in the normal fly eye. This results in omma-
idia lacking their normal complement of 20 cells due to
nderrepresentation of the cell types recruited later in eye
evelopment.
In addition to ommatidial clusters with fewer than the
ormal number of cells, we observed some clusters with
xtra photoreceptor cells and cone cells (data not shown).
his phenotype is remarkably similar to that caused by
verexpression of E2F and DP, two factors which promote
ntry into S phase of the cell cycle (Asano et al., 1996; Du
t al., 1996). The presence of ommatidial clusters with
xtra cells suggests that cell proliferation in cutlet mu-
ant discs may be delayed, rather than blocked, with
espect to wild-type imaginal discs. This delay may
enerate some cells which divide after their fates have
een committed. To examine this, we performed double-
abeling experiments using antibodies that recognize the
hosphorylated form of histone H3 (phos-H3), a marker
TABLE 1
Examination of the Penetrance of the cutlet Phenotypes
Allele Mutagen Lethality
cutleti14 EMS SL (7% viability)
cutleti10 EMS SL (12% viability
cutletJ1 PlacW mutagenesis Viable
cutletP1 PZ insertion Viable
cutleti1 EMS Viable
Note. At least 50 animals of each of five cutlet alleles were ex
ough-eye, and wing phenotypes. The previously identified cutleti7
not shown) and is therefore not an allele of cutlet.or mitotically active cells (Wei et al., 1998), together
Copyright © 2001 by Academic Press. All rightith either anti-Elav antibodies (Robinow and White,
991) or anti-Cut antibodies, which recognize developing
one cells (Blochlinger et al., 1993). We failed to observe
ny phos-H3(1)/Elav(1) or phos-H3(1)/Cut(1) cells in
wild-type or mutant discs (data not shown), indicating
that these cells do not undergo extra cell divisions after
their lineage has been restricted in either wild-type or
cutlet mutant discs. These results suggest that the extra
cells observed in cutlet discs may arise from a disruption
in the timing between proliferation and differentiation,
two processes that are normally precisely coordinated in
the developing eye imaginal disc. Alternatively, the com-
bination of a disruption in the pattern of cellular prolif-
eration with precocious cell death in cutlet mutant eye
primordia may lead to inappropriate cell contacts which
may in turn result in aberrant cell signaling (Freeman,
1997; Miller and Cagan, 1998).
cutlet Encodes a Drosophila Homologue
of S. cerevisiae CHL12
We used the P-element-induced cutlet allele, cutletP1,
s an entry point for a molecular characterization of the
utlet gene. Sixty-six percent (43/65) of independent lines
erived from excising the P element in cutletP1 repre-
sented apparently precise reversions to wild type, con-
firming that the P element is the cause of the mutant
phenotypes of this allele. We isolated genomic DNA
flanking the P element in cutletP1 by plasmid rescue
Pirotta, 1986) and used it to screen genomic and cDNA
ibraries (see Materials and Methods). We isolated several
verlapping phage clones from the genomic library and
sed them to construct a restriction map of the genomic
egion around the P element in cutletP1 (Fig. 5A). A 2.1-kb
partial cDNA was isolated from an ovarian cDNA library,
and two rounds of 59 RACE were performed to isolate the
59 end of the cDNA and construct a full-length 3.1-kb
cDNA encoding a 993-aa protein with 28% overall simi-
Female sterile Rough eye Wing defect
100% 100% 25%
100% 100% 30%
.99% .99% 57%
.99% .99% 38%
64% 91% 5%
ed in trans to Df(2L)ed1 for the penetrance of the female-sterile,
mosome (DeBelle et al., 1993) fully complements Df(2L)ed1 (data)
amin
chrolarity to CHL12/CTF18 from S. cerevisiae. Sequence
s of reproduction in any form reserved.
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167cutlet Encodes a DNA Replication Accessory Factoranalysis of the region flanking the P element in cutletP1
revealed that the P element is inserted after nucleotide
115 of the cutlet transcript, disrupting the fourth amino
acid after the putative initiator methionine, suggesting
that cutletP1 is a strong loss-of-function allele.
A genomic rescue fragment containing the intact transcrip-
ion unit encoding the Drosophila CHL12/CTF18 homologue
Fig. 5A, fragment A) fully rescues the cutlet mutant pheno-
ypes. A similar rescue fragment with an internal deletion that
emoves the first five exons and five introns (Fig. 5A, fragment
) does not rescue the cutlet mutant phenotypes, confirming
FIG. 3. Cell proliferation is affected in cutlet mutant animals. (A
from third-instar larvae. Mutations in cutlet result in the disru
in the second mitotic wave (arrowhead) just posterior to the
wild-type (C) and cutlet (D) third-instar larvae stained for the
imaginal discs have two clearly defined zones of mitoses (1 and
2 in D). Posterior at left.hat cutlet encodes a Drosophila homologue of CHL12/ c
Copyright © 2001 by Academic Press. All rightTF18. An amino acid alignment of Cutlet, CHL12/CTF18
rom S. cerevisiae, and a predicted open reading frame from
aenorhabditis elegans (K08F4.1) are shown in Fig. 5B. Addi-
ional homologues are present in Arabidopsis thaliana, mice,
nd humans (data not shown), indicating that cutlet is evolu-
ionarily conserved throughout the plant and animal king-
oms. We found point mutations in the coding region of cutlet
n two of the three EMS alleles (Fig. 5B). The weakest allele,
utleti1, contains a stop codon which results in a C-terminal
truncation of 55 amino acids. cutleti10, which has a higher
phenotypic penetrance than cutletP1, has an amino acid
B) BrdU labeling of wild-type (A) or cutlet (B) eye imaginal discs
of the normal pattern of BrdU incorporation, most easily seen
hogenetic furrow (arrow). (C and D) Eye imaginal discs from
tic-specific phosphorylated form of histone H3. Wild-type eye
C), which are disrupted in cutlet mutant imaginal discs (1 andand
ption
morp
mito
2 inhange at residue 587.
s of reproduction in any form reserved.
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168 Jaffe and Jongenscutlet Genetically Interacts with Multiple Subunits
of Replication Factor C
Further sequence analysis of the Cutlet protein revealed a
region with striking similarity to the five subunits of
human replication factor C (Fig. 6A). The sequence homol-
ogy between Cutlet and the RFC subunits raises the possi-
bility that cutlet affects cell proliferation through a role in
DNA replication. Although the five RFC subunits have
been identified in organisms ranging from S. cerevisiae to
umans, only two subunits, the large subunit and the
0-kDa subunit, have been cloned in Drosophila (Harrison
t al., 1995; Mossi et al., 1997). In addition, only mutants in
he 40-kDa subunit have been identified in the fly (Harrison
t al., 1995). To investigate the possibility that cutlet plays
role in DNA replication, we examined the ability of
utations in the fly rfc40 gene to dominantly enhance the
utlet mutant eye phenotype. Adult eye sections from flies
hat are homozygous mutant for cutlet and heterozygous
or a loss-of-function mutation in rfc40 have a strongly
nhanced eye phenotype compared with cutlet homozy-
otes, in which the majority of ommatidial clusters have an
berrant number of photoreceptors and several clusters are
used (Figs. 6C and 6D). Adult eyes from flies that are
eterozygous for the same rfc40 allele are wild type (data
ot shown). These data indicate that cutlet genetically
nteracts with the gene encoding the 40-kDa subunit of
FC in Drosophila.
To determine whether cutlet could genetically interact
ith other RFC subunits, we searched the Drosophila
enomic sequence database to identify homologues of the
emaining three small RFC subunits. We found sequences
FIG. 4. Cell death is increased in cutlet mutant animals. (A and B
hird-instar larvae. Mutations in cutlet result in a large number of c
he apoptotic cells in cutlet mutant eye imaginal discs are mostly a
roliferation occurs. Posterior at left.hich correspond to the homologues of the 36-, 37-, and
Copyright © 2001 by Academic Press. All right8-kDa subunits of human RFC (data not shown). In addi-
ion, we identified a P-element line with an insertion in the
enomic locus of the 38-kDa subunit (rfc38). Characteriza-
ion of the rfc38 mutant will be described elsewhere (Jaffe et
l., submitted for publication). Adult eye sections from flies
hat are homozygous mutant for cutlet and heterozygous for
he P-element insertion in the rfc38 locus also have an
nhanced phenotype compared with cutlet homozygotes
Figs. 6C and 6E), whereas flies heterozygous for the P-element
llele of rfc38 have wild-type eyes (data not shown). In
ontrast, mutations in two other factors involved in DNA
eplication, a Drosophila MCM gene, dpa, and the Drosophila
omologue of PCNA, mus209, have no modifying effect on
he cutlet eye phenotype (data not shown). Our results un-
over a specific genetic interaction with replication factor C
nd therefore suggest that cutlet acts in concert with RFC to
ontrol normal cellular proliferation.
cutlet Affects Cellular Growth in the Developing
Primordia of All Adult Tissues
The initial phenotypic characterization of cutlet mu-
tant animals indicated that adult tissues are affected
differently. Defects in the normal development of certain
tissues, such as the eye and the ovary, are very dramatic,
and other tissues are either mildly affected or unaffected,
such as the wing and the leg, respectively. However, our
data strongly support a role for cutlet in RFC function, a
complex required for DNA synthesis in all cells. This
raised the question as to how a factor involved in a basic
cellular process could be required for the development of
only a subset of adult structures. One possibility is that
NEL analysis of wild-type (A) or cutlet (B) eye imaginal discs from
ndergoing programmed cell death (B) compared with wild-type (A).
ior to the morphogenetic furrow (arrow), where the majority of cell) TU
ells u
ntercutlet activity is required for proper cell growth only in a
s of reproduction in any form reserved.
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169cutlet Encodes a DNA Replication Accessory FactorFIG. 5. cutlet encodes a Drosophila homologue of CHL12/CTF18 from S. cerevisiae. (A) Molecular map of the cutlet locus. The {PZ}
lement (arrowhead) in cutletP1 is inserted in an orientation opposite to that of the cutlet transcript and disrupts the fourth amino acid
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171cutlet Encodes a DNA Replication Accessory Factorsubset of tissues. An alternative possibility is that cutlet is
required in all cells for normal cell growth, and the variety of
adult phenotypes reflects properties inherent to each tissue.
To distinguish between these possibilities, we first exam-
ined whether Cutlet is expressed in a pattern that reflects its
requirement in specific tissues. To facilitate our expression
analysis, we inserted a myc tag after the first methionine of
Cutlet, in the context of the genomic rescue fragment (Fig. 5A,
fragment A) and made transgenic flies carrying this construct.
We found that Cutlet is expressed in the nucleus of all cells, in
each of the developing disc primordia examined (Fig. 7). To
determine the requirement for Cutlet in developing tissues,
we examined the effect of cutlet mutations on cell growth in
developing tissues by generating clones of homozygous mu-
tant (2/2) cells and homozygous wild-type (1/1) cells in
FIG. 7. Cutlet is localized to the nucleus in all cells of the develo
imaginal discs (D–F), and leg imaginal discs (G–I) stained with anti
to visualize DNA (blue). Colocalization of Cutlet with DNA is eveterozygous cutletP1 animals using the FLP–FRT system (Xu
Copyright © 2001 by Academic Press. All rightnd Harrison, 1994). Each pair of clones is derived from a
ingle mitotic recombination event, allowing for the precise
onitoring of the relative growth rate of 2/2 versus 1/1
lones. Using this assay, we compared the size of 2/2 and
/1 clones grown for 72 h in the imaginal disc tissues that
ive rise to the eyes, wings, and legs (Fig. 8). We found that
utlet 2/2 clones grew more slowly relative to their 1/1
wins in each of the tissues examined. These data show that
lthough cutlet mutant animals have visible phenotypes in a
ubset of adult structures, cell growth is compromised in all of
he developing disc primordia.
DISCUSSION
The data presented here suggest that cutlet acts as an
disc primordia. Confocal images of eye imaginal discs (A–C), wing
antibodies to visualize Cutlet expression (red) and Hoechst 33342
when the images are overlaid (C, F, I).ping
-mycaccessory factor for DNA replication and is required for the
s of reproduction in any form reserved.
172 Jaffe and JongensFIG. 8. Cell growth is impaired in cutlet mutant cells. (A–C) Right: Confocal images of a representative eye imaginal disc (A), wing
imaginal disc (B), and leg imaginal disc (C) in which mitotic recombination was induced to yield pairs of cutlet 2/2 clones (arrowhead in
A–C) and 1/1 wild-type twins (arrow in A–C). The chromosome with a wild-type cutlet locus is marked with the myc epitope, allowing
for the identification of cutlet 2/2 cells (unstained), cutlet 2/1 cells (lightly stained), and cutlet 1/1 cells (intensely stained). In each
tissue, cutlet 2/2 clones are smaller than their 1/1 twin. Left: Graphs showing the area (in pixels) of individual pairs of cutlet 2/2 clones
(gray bars) and wild-type 1/1 twins (black bars). Each pair of 2/2 and 1/1 clones is derived from a single recombination event and is
therefore grown for the same period of time. Below is a tabulation of the data. n, number of 2/2 clones or 1/1 twins.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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173cutlet Encodes a DNA Replication Accessory Factorproper development of a subset of adult structures. We
analyzed several mutant alleles of cutlet and found differ-
ences in the penetrance of the phenotypes in specific adult
tissues, and we also identified a number of structures that
are unaffected in all of the mutant alleles examined. Our
developmental analysis indicates that cutlet is required for
the proper pattern of cellular proliferation and for the
normal amount of cell survival during larval growth. We
isolated and analyzed the gene encoding cutlet and found
that it encodes a factor with homology to all five subunits
of mammalian RFC, a multiprotein complex known to act
as a DNA replication accessory factor. In addition, cutlet
interacts genetically with multiple subunits of Drosophila
RFC, suggesting that Cutlet modifies RFC activity in vivo.
Cutlet Acts as a DNA Replication Accessory
Factor
Molecular characterization of the cutlet gene revealed
that it is a Drosophila homologue of the CHL12/CTF18
ene from S. cerevisiae. Mutations in CHL12/CTF18 result
in a rad9-dependent, cold-sensitive growth-arrest pheno-
type in which most of the cells adopt a dumbbell-shaped
morphology with the nucleus located in or near the isthmus
(Kouprina et al., 1994). In addition, CHL12/CTF18 mutants
display an increased frequency of mitotic recombination
and chromosome loss. These phenotypes are similar to
those seen in mutant alleles of several genes in S. cerevi-
siae, including the yeast homologues of the mammalian
37-kDa subunit of RFC (RFC2) (Noskov et al., 1998), RPA
RF-A) (Longhese et al., 1994), PCNA (POL30) (Ayyagari et
al., 1995), and the large subunit of RFC (CDC44) (Howell et
l., 1994). These factors are all required for DNA replication
n vitro, providing evidence for a role for CHL12 in DNA
eplication.
Our results that mutations in the Drosophila CHL12/
TF18 homologue, cutlet, cause a disruption in the normal
attern of cellular proliferation and that cutlet genetically
nteracts with multiple subunits of RFC indicate that cutlet
lays a role in DNA replication in Drosophila. The rela-
ively mild effect of cutlet mutations on the pattern of BrdU
incorporation implies that cutlet acts downstream of poly-
merase a, which synthesizes a 40-nt RNA-DNA primer, 30
nt of which is DNA that would incorporate BrdU prior to
polymerase switching by RFC (Bullock et al., 1991; Mossi et
al., 2000). Indeed, studies in yeast indicate that cells lacking
the large subunit of RFC still have some DNA replication
activity (McAlear et al., 1996), and we have obtained
similar BrdU-incorporation results upon examining ani-
mals mutant for the 38-kDa subunit of RFC in Drosophila
(Jaffe et al., submitted for publication). Although we have
not detected stable complexes between Cutlet protein and
individual RFC subunits, we have observed an interaction
between Cutlet and both the 40-kDa and large subunits of
Drosophila RFC using the yeast two-hybrid system (data
not shown), perhaps reflecting a very weak or transient
interaction. Similarly, biochemical interactions between
Copyright © 2001 by Academic Press. All rightthe individual subunits of human RFC appear to be very
weak (Uhlmann et al., 1996), although higher order com-
plexes of three or more subunits have been isolated (Cai et
al., 1996, 1997).
In addition to affecting cellular proliferation, cutlet mu-
ations result in an increase in cell death. We believe that
his is a secondary consequence to the disruption of cellular
roliferation in cutlet animals. In support of this, the cell
eath that we observe in cutlet eye imaginal discs occurs
nly in regions that have proliferating cells and not in cells
hat have differentiated (compare the BrdU-positive cells in
ig. 3B with the TUNEL-positive cells in Fig. 4B). Interest-
ngly, mutations in two subunits of S. cerevisiae RFC,
FC2 and RFC5, disrupt normal DNA replication and
esult in an extreme decrease in cell viability (Noskov et al.,
998; Sugimoto et al., 1996). Studies in yeast suggest that
ome of the phenotypes associated with mutations in a
ubset of the RFC subunits are due to a defect either in
NA repair or at an intra-S-phase checkpoint (Sugimoto et
l., 1996). We have not, however, seen a significant effect of
utlet mutations on either of these processes when we
reated animals with the DNA-damaging agent MMS (data
ot shown), suggesting that cutlet is primarily involved in
he DNA replication function of RFC. Further studies using
ther DNA-damaging agents such as UV or g irradiation are
necessary to explore whether cutlet is involved in specific
DNA repair pathways.
The disruption of the coding region of cutlet by the
P-element insertion in cutletP1 suggests that this mutation
esults in a strong loss-of-function or a null allele of cutlet.
t is interesting to note that cutleti10 and cutleti14 appear to
ave stronger phenotypes than cutletP1 and are semilethal,
n contrast to the apparently normal viability of cutletP1
(Table 1). This observation could be explained if cutleti10
and cutleti14 produce inactive forms of the Cutlet protein
hat act as poisonous subunits when complexed with RFC.
ince cutleti10 and cutleti14 do not display any dominant
phenotypes, they presumably do not produce forms of the
Cutlet protein that are able to outcompete wild-type Cutlet
protein for binding to RFC in heterozygous flies. However,
in cutleti10 and cutleti14 homozygotes, only the mutant form
would be able to interact with RFC and might therefore be
expected to impair RFC function more severely. Interest-
ingly, cutleti10 contains an amino acid change at residue
587, which is immediately adjacent to RFC box VIII (Fig. 6),
perhaps altering Cutlet protein structure in a region critical
for function.
Differential Requirements for cutlet Activity in the
Formation of Adult Structures
The penetrance of the different phenotypes in cutlet adult
animals indicates that the eye is the tissue most sensitive
to levels of cutlet activity, followed by the ovary and the
wing. Moreover, several adult structures appear to be unaf-
fected by reducing the level of cutlet activity. Nevertheless,
cutlet appears to be involved in the growth of all cells,
s of reproduction in any form reserved.
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in adult mutant animals. The growth defect seen in cutlet
2/2 clones is likely due to a combination of the prolifera-
tion and death effects caused by mutations in cutlet. We
believe that the different effects seen on the formation of
adult structures in cutlet mutants are due to the growth
properties inherent to the different developing structures.
Indeed, studies have shown that the imaginal disc primor-
dia giving rise to the different adult structures proliferate at
different rates, so that the eye imaginal disc proliferates
more rapidly than the wing imaginal disc, which prolifer-
ates more rapidly than the leg imaginal disc (Madhavan and
Schneiderman, 1977). The difference in proliferation rates
among the various disc primordia correlates directly with
the penetrance of adult phenotypes in cutlet mutant ani-
mals, in which the phenotypic penetrance increases with
the relative rate of proliferation of each tissue.
In addition to the variation in proliferation rates among
the different disc primordia, within the developing wing
disc the anterior region proliferates more slowly than the
posterior region (Garcia-Bellido and Merriam, 1971). Inter-
estingly, although mutant clones generated in either the
anterior or the posterior region grew more slowly than wild
type, adult wings from cutlet mutant animals had defects in
he posterior wing margin and not the anterior wing margin
Figs. 8B and 1D). Taken together, these data support a
odel by which rapidly proliferating tissues are more
ensitive to levels of cutlet activity.
The sensitivity of certain tissues to perturbations in
various aspects of DNA metabolism, including replication,
recombination, and repair, is evident in several human
diseases, including Williams–Beuren syndrome (WBS),
which is an autosomal dominant disorder with numerous
and highly variable phenotypic effects, including supraval-
vular aortic stenosis, multiple peripheral pulmonary arte-
rial stenosis, elfin face, mental and statural deficiency,
dental malformation, and infantile hypercalcemia (Online
Mendelian Inheritance in Man, 2000). Interestingly, haplo-
insufficiency of the 40-kDa subunit of RFC is thought to
contribute to the disease state, as 18 of 18 patients exam-
ined with WBS had deletions which removed the RFC40
locus (Peoples et al., 1996). It is not clear why reduction in
the levels of this subunit of the RFC complex would result
in developmental abnormalities, since all five of the sub-
units are required for RFC activity in vitro (Mossi and
Hubscher, 1998), and none of the other four subunits are
known to be mutated in any human disorders. Understand-
ing the function of proteins involved in various aspects of
DNA metabolism in the context of a multicellular organ-
ism should provide valuable insight into the developmental
requirements for these factors.
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